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ABSTRACT 
An in vitro mammalian cell system which enables direct obser­
vation of DNA replication forks is essential to the study and 
understanding of the mammalian cell cyc.iLe,�phase. The prere,quis­
ite work of establishing S-phase synchronized cell cultures and
an assessment of synchrony levels attained is the object of this 
study. Skin fibroblasts of the male Indian muntjac line which 
r 
possesses large chromosomes and a low diploid number were selected 
for this work. 
Initial block-release experiments using mitosis as an assay 
point indicated that 1.5 mM hydroxyurea provided maTkeu level� of 
synchrony in the absence of detectable cytotoxicity. Premature 
chromosome condensation patterns of interphase cells :fused with 
mitotic cells indicated a substantially higher s�phase portion 
of cell populations subjected to hydroxyurea block-release. This
was observed in contrast to lower S-phase portions in non-'tr.eated 
�ontrols. These results were supported �y autoradiographic assays 
which showed a higher percentage of JH-thy.midine-labeled nuclei in 
hydro.xyurea-treated populations than in controls. �·-
It is expected that large quantities of prematurely condensed 
replicating �hromosomes as obtained by this synchronized fusion 
method would effectively expose sites of DNA replication forks 
under the electron microscope, This would ·_ allow. DNA .synthesis to ··. 
be more complet-ely quantified and characterized· ·under n9rmal con­
ditions as well as under conditions which alter this _critical phase. 
l 
INTRODUCTION 
A normal popula_tion of growing cells includes cells in all 
phases of the life cycle. Aspects of specific cell cycle phases 
can best be studied in synchronous cul·ture·s at a given phase. 
Chemical and mechanical synchronization methods are routinely 
applied in these studies. 
THE CELL CYCLE 
The cell cycle of both prokaryotes and eukaryotes includes 
the progressive events of cell growth, development and division. 
The events of the cell cycle involve the life of the cell and its 
organelles, and the basic morphological and physiological events 
of the nucleus and chromosomes which serve as key reference points 
of the cycle. The mammalian cell cycle is normally considered in 
terms of two major portions, the interphase or "growth period" 
(Mazia, 1974) and mitosis, cell division. 
Interphase cells usually possess round, membrane-bound nuclei 
which contain distinct nucleoli. The chromatin assumes a decon -
densed state.(Comings, D.E., 1974). With respect to metabolic ac---
tivity within the nucleus, interphase is divided into three sub­
phases: G1, S, and G2• The G1 period, during which nonhistone nu­
cleoproteins and specific enzymes such as the DNA and RNA polymer· 
ases are synthesized, serves as a preparatory stage for chromosomal 
replication. The period of marked chromosomal metabolic activity is 
::-2.f'erred to as synthesis or S-phase .. Synthesis of DNA and hi stones , 
and their ultimate association with acid nucleoproteins to form 
r 
2 
ewly replicated chromatin complexes occur during tnis stage. Some 
NA synthesis also accompanies this activity. In the subsequent G2
various enzymes, membrane structural proteins, and elements 
mitotic apparatus required for the ensueing mitosis are 
armed. As daughter cell materials accumulate, a poorly understood 
egulatory mechanism elicits a 11prophasing 11 effect (Obara et al., 
974) which includes the disappearance of nucleolar bodies, disso­
ution of the nuclear envelope, and chromatin condensation. The ar­
angement of chromosomes along the metaphase plate is followed by 
he attachment of mitotic spindle fibera to chromosomal centromeres. 
ring anaphase, the mitotic apparatus leads_ chromatids to opposite 
oles of the cell until membrane cleavage occurs at telophase. 
ORPHOLOGY OF S-PHA.SE CHROMATIN 
The decondensed state which is characteristic of mammalian 
terphase chromatin facilitates the template function performed 
DNA during S-phase. The S-phase morphology entails not merely 
unraveling or despirilization of chromosomal tertiary coiling, 
t an actual dissociation between DNA-protein moieties and ul­
unraveling of the helix at the secondary level of base 
ir hydrogen bonding (Davis et al., 1973). The formation of DNA 
ong active sites termed "replicons" has been studied in HeLa 
lls and in Chinese hamster cells by Huberman and Riggs, 1968, 
d by Huberman et al., 1973. Electron microscope pulse-chase 
tterns of 3H-thymidine labeling suggest a scheme of b1direction-
DNA replication along consecutively joined segments which com­
nee and terminate at branch growing points or' "replication 
rks 11 • This is consistent with a prokaryotic DNA replication 
del developed by Cairns (1963) in studies using E. coli. 
hase, 
f the 
Because bacteria contain only a single naked DNA chromosome, 
studies of DNA synthesis in these organisms is relatively un­
complicated. Autoradiographic studies ·oT E. coli DNA replica­
tion by Helmstetter et al., 1971, showed an increase in the 
rate of JH-thymidine uptake in cultures grown in enriched me­
dium in contrast to the rate of precurser uptake seen in cul­
tures grown with minimal medium. In each case, individua.1 repli':".':, 
cons required 20�.minutes for complete synthesis. These workers 
showed that changes in precurser uptake rates reflected differ­
ences in the number of replication forks at any given time of 
comparison. Autoradiographic assays of DN� synthesis in mammal­
ian cells have shown differential uptake rates of JH-thymidine 
in response to treatment with various hormones (O'Malley and 
Means,1974). This could possibly involve changes in the numbers 
of replication forks. 
Whole-mount electron microscopic specimens of human chromo­
somes showing replication forks have been obtained by Bahr et al., 
1973. However, the large numbers of chromosomes per cell render 
observation and quantification of naked ·mammalian DNA replica­
tion forks difficult under the electron microscope. 
--
CELL FUSION AND PREMATURE CHR.OMOSOME CONDENSATION 
An interest in the phenomenon of cell fusion and its 
various results has evolved only within the past 10 to 12 years. 
Although many observations were met with speculation and mis­
understanding, this area has developed to prov�de considerable 
insight into the cell cycle,:its controls, and their relation­
ship to chromosome function and morphology. 
In 1964, Nichols reported incidences of multinucle-
4 
ated giant cells taken from peripheral blood of human subjects 
intected with paramyxoinfluenza virus. Althoug...~ many normal 
looking mitotic chromosomes were evide~t, the presence of 
large amounts of "pulverized" or "granulated" chromatin ma-
terial within many of the multinucleated cells was noted. 
This material was presumed to represent chromosomal breakage 
caused by virulent activity of the in,fecting agent. Subse-
quently, E:a.rris, 1965, succeeded in forming multinucleated 
cells, both intraspecific and interspecific, by treating sus-
pension cultures of HeLa cells and Ehrlich mouse tumor cells 
with preparations of UV-attenuated Sendai paramyxovirus. 
Likewise, Takagi et al., 1969, achieved in vitro fusion of 
Chinese hamster lung cells using attenuated Sendai virus. 
These fusions also yielded "pulverized" chromosomes in high 
·numbers and led workers to suspect fusion per seas a prere-
quisite for pulverization. 
More refined interpretations of fusion-related phenomena 
have emerged from the cell cycle investigations of Rao and 
Johnson (1970a, 1970b). their initial aim was to monitor the 
activity of nuclei within HeLa multinucleate cells and to de-
termine the effects.of nuclei known to be in different cycle 
phases upon each other when contained within the same cell. 
The,phases of component nuclei were controlled by chemical 
block-release methods using thymidine to synchronize for vari-
ous interphase periods and either colcemide or nitrous oxide 
to obtain metaphase arrest. Results of such studies suggested 
the operation of fundamental nuclear contra~ mechanisms which 
act to trigger major events of replication and.division. The 
most consequential results were those related to cell division 
5 
control as observed -in various metaphase-inte:rphase fusions. 
Where interphase nuclei per cell did not greatly outnumber 
metaphases, "prophasing" underscored by premature condensa­
tion of interphase chromatin was observed. iience, M/G1 hetero­
karyons exhibited normal metaphase configurations complemented 
wit� long, stringy chromatids (monovalent) equal in number to 
the diploid number of the cell line. Similarly, the G
2 
components
of 1d/G2 heterokaryons showed a premature chromosome condensation
pattern of chronosomes similar in morphology to· the bivalent 
metaphase, however, with more slender and somewhat longer chro­
matids. The fusion of M/S nuclei produced the curious "pulver­
ized 11 _chromatin morphology so widely observed in the earlier 
literature� Rao and Johnson's interpretation of "pulverization" 
is consistent with their theory of premature condensation of 
chromosomal morphologies and components which characterize 
·;-.f;lpecific interphase s�ages. As G1 
and G2 
types of premature chro-
. mosome condensation depict the state of inactive chromatin re­
spectively prior to and following replication, S-phase prema-
ture chromosome condensation morphology reflects the actual repli­
cation process in which the areas of inactive chromatin (i�., 
chroma·cin which has yet to be replicated or which has completed 
.replication) are interspersed by active replicons. Because these· 
•' 
active sites consist of only loosel� associated DNA and nucleo-
protein, and o:f completely naked DI4A, they neither condense nor 
stain to become visible under the light microscope. It is this 
alternating distribution of active (unstained) and inactive 
(stained) regions Yhich gives S-phase premature chromosome con­
densation its "pulverized" appearance. Rao and Johnson (1972) 
:further supported their S-phase premature condensation interpre-
6 
� 
tation by fusing 3H�thymidine-labeled S-phase cells with met-
aphases. Resulting specimens showed active labeling labeling 
occurring only within the unstained gap areas. This contrasted 
regions of DNA synthesis from condensed, inactive chromatin. 
INTERPHASE CELL SYN CRRONY 
Chemical synchronization of cells within interphase has 
proven to be an essential tool in cell cycle and chromosome 
studies as seen in Rao and Johnson's work. While reversal of 
colcemide or vinblastine-induced metaphase blocks has been em­
ployed to achieve·synchrony of cell populations within inter­
phase, theses agents have provided somewhat limited effiency 
(Peterson et al., 1968; Stubblefield, 1968). Maximum synchrony 
has been obtained by the use of drugs which influence specific 
points within interphase. 
Treatment of asynchronous cell populations with excess thy­
midine has been widely accepted as a means of inducing inter­
phase synchrony (Puck, 1964). �he two-fold effect of thymidine 
is to arrest G
1
, M, and G
2 
cells at the G
1
/s 
.
threshold and to
·halt $-phase cells within S. If the block is lifted after a.per­
iod ·of time s�fficient for G
2 
cells to reach G
1
/s, the entire
popu�J;l.tion with the exc.eption of cells bl�cked at S, progresses 
through the cycle in relative synchrony. By applying a second 
dose of thymidine after a period of time which allows the syn­
chronized cells to pass through S-phase, these cells plus the 
portion of the population originally held at Swill be blocked 
at the following G
1
/s border. This method called the "double 
thymidine block" provides virtually complete synchrony for about 
8 
by a number of workers. Brown and Cohen (1973a, 1973b) noted 
spontaneous heteroploid development in cultures beyond the 
fifth subpassage. �radual increases in chromosome number ex­
ceeded twenty ch�omosomes at the twenty-sixth subpassage. 
tleteroploidy also corresponds with a shortened cell cycle. 
Analysis of muntjac chromatin composition by Comings (1971) 
has shown a heterogeneity of euchromatic and heterochromatic 
areas within each chromosome with the exception of a long, 
continuous heterochromatic centromeric region of the X.chro­
mosome. 
STATEMENT OF THE PROBLEM 
�he general direction of this work was leading toward a 
feasible mammalian cell system which could be expected to pro­
duce a clear and quantifiable view of active DNA replicons un­
der the electron microscope. �he immediate problem was to ob­
tain �arge quantities of replicating muntjac chromosomes with 
exposed DNA synthesis sites and to determine the efficiency of 
the system by light microscopy and autoradiography. The major 
·aspects involved are:
(1) A refinemJnt of synchronization methods using the hy­
droxyurea block method;--
(2) Production of large quantities of premature chromoso�e
condensation by Sendai virus-mediated fusion of S-phase
populations with muntjac cells arrested in metaphase by col­
cemide treatment;
(3) Acomparison of S-phase pre�ature chromosome condensation
quantities obtained in fusions using both hydroxyurea-tre�t­
ed and nontreated interphase populations;
9 
(4) An autoradiographic analysis of the S-phase syn­
chronizing method by comparing numbers of 
3
H-thymidine­
labeled in both hydroxyurea-treated and nontreated munt­
jac _9e_ll. populations.
r, 
10 
MATERIALS AND METHODS 
CELL CULTURE 
The cell line derived from skin fibroblasts of the male 
Indian muntjac was obtained .from the American Type Culture 
Collection, Rockville, Maryland. The cells were grown un­
der sterile conditions in Ham's F-10 nutrient medium with 
Hepe's Buffer and L-Glutamine supplemented with 15% fetal 
calf.serum and 1. 2%.antibiotic-antimycotic mixture. All me-
dia were obtained from Grand Island Biological Company (GIBCO) • 
. .
Cells were maintained for use at low subpassage level by 
s'torage in complete medium with 10% glycerol at -80
° 
C in a 
Revco deep freeze. 
Cells were subcultured at a 2 :1 splitting ratio every 5 to 
7 days or after reaching confluency. Splitting of cultures was 
�erformed by decanting nutrient medium and pouring 3 ml. of 
lx Trypsin-EDTA solution (GIBCO) over the monolayer. The 
Trypsiri-EDTA was left on the cultures for 10 minutes at room 
temperature and then poured off leaving a moist cover. After 10 
_additional minutes in the 37
° incubator, 16 ml. of growth medi­
um were added to the cultures. Monolayers were agitated several 
times to dislodge the cells. Cell suspensions of 8· ml. were de­
livered into fresh 25 cm
2
• tissue culture flasks (Falcon Plas­
tics, Inc.). 
11 
METAP .HASE CHROMOSOME SPREADS 
To obtain metaphase chromosomes, cells were mitotically 
arrested during the logarithmic growth phase by applying col­
cemide at a concentration of 0.01 ug./ml. for 4 hours. The 
metaphase ce'lls were collected by aspirating culture medium 
with a 20 ml. syrjnge. The cells were placed into a 15 ml. 
centrifuge tube and centrifuged (International Clinical Cen­
trifuge) at 600 x g. for 4 minutes, washed and suspended in 
10 ml. of Hank's Ba.lanced Salt Solution and again sedimented 
at 600 x g. for 4 minutes. The resulting pellet was suspend­
ed t 1n hypotonic KCl solution for 17 to 20 minutes. The cells 
were then sedimented at 400.x g. for 5 minutes and fixed in 3 
changes of Carnoy's fixative (3 methanol: 1 glacial acetic 
acid). Suspensions were dropped and spread on precleaned cold, 
wet slides and air-dried at room temperature for 3 to 6 days. 
Slides were finally stained in 3% Gurr Giemsa (a combination 
of eosin Y, an acid dye, and basic methylene blue) at a pH of 
6.� •
. · CELL SYNCHRO:N IZATION EXPERI1�iE1ITS 
REVERS.AL OF 11ETAPHASE .ARREST
Ten milliliter cell suspensions concentrated at 1 x 105
cell;/ml. were seeded into 25 cm� flasks and treated with 
0.01.ug./ml. colcemide during the logarithmic growth phase 
24 hours later. Metaphase cells were allowed to accumulate for 
4 hours before harvesting. Cells were collected by agitating 
with a 20 ml. syringe, centrifuged and washed 3 times in Dul­
becco's Phosphate Buffered Saline (PBS), and delivered into a 
flask containing previously conditioned medium. Cultures were 
12 
bbserved for,parasynchronous mitoses within the subsequent 
cell.cycle for 7 hours Qeginning 13 hours after seeding. This 
schedule was based on the 16.8-hour doubling time found by 
Brown and Cohen (1973a) for the male Indian muntjac. Assays 
of mitotic cells were also made during the logarithmic 
growth phase of a random, non-treated culture seeded under 
similar conditions for control purposes. 
Mitotic cells were counted as observed within culture 
flasks under the inverted microscope at 100 x magnification. 
Grids consisting of 50 blocks were drawn on the bottoms of 
flasks using a dark fiber-tip marker to permit scoring of 
cells. Only one field per scoring area was observed. 
DIDtJ'CTIOil OF SYNCHRONY .BY HYTIROXYUREA 
Cells used for hydroxyurea synchronization experiments 
were harvested from low subpassage cultures and seeded with
. 5 10 ml. of a l  x 10 cells/ml. suspension. Cells were treated
with hydroxyurea (ICN PHARMACEUTICALS, INC.) for the 13-hour 
period following the first 24 hours after seeding. This was 
rollow�d by washing in 3 changes of Dulbecco's PBS and rein­
cubated in conditioned medium to reverse the blocking effect 
of hydror.1urea. 
,TAe ·degree of synchrony attained by the use of hydroxyurea 
was measured by tnree methods of assay: (a) incidence of meta­
phase after block re�ersal; (b) premature chromosome conden­
sation induced by virally-mediated cell fusion; (c) autoradio­
graphy. Treatment durations and assay schedules were determin­
ed according to cell cycle phase parameters for the. male Indi­
an muntjac as observed by.Brown and Cohen (1973a). The com-
• ' ''.•,1,,·,. 
lJ 
plete 16.8-hour cycle includes 5.2 hours for the G1-phase,
6. 6 hours for S-phase, and a total of '5 .·O hours for G2-pha·se
and mitosis combined.
INCIDENCE OF METAPHASE AFTER HYDROXYUREA BLOCK REVERSAL 
Immediately following the removal of hydroxyurea by washing 
procedures, cultures· were observed over a· 10-hour pe·riod for a 
synchromous mitotic wave. Mitoses were scored by the same method 
used to assay the degree of synchrony achieved by mitotic arrest. 
This procedure was carried out for 1.5, 2.0, and 2.5 millimolar 
hydroxyurea-enriched cultures and is similar to the method de­
scribed by Pollard and Pfeiffer, 1973. Mitoses of a non-treated 
random control population were also scored according to the same 
time schedule. 
PRErJJA.TURE CHROMOSOME CONDENSATION 
Patterns of premature chromosome condensation as induced by 
fusion of suitable interphase cell populations with populations 
arrested in metaphase were obtained by following a modification 
the method described by Sandberg, Weinfeld, and Matsui, 1968. 
this method, cell cultures were seeded 24 to 48 hours prior 
fusion. Mild agitation was applied to cultures using a 20 ml. 
lass syringe to dislodge the metaphase cells. S-phase synchroni­
ation of cultures was induced by using 1.5 mM hydroxyurea as 
reviously descrobed. 
Suspensions of metaphase and interphase cells were combined 
ithin 15 ml. centrifuge tubes and spun into pellets at 600 x g. 
or 4 minutes. Cells were twice resuspended in 7 ml. of medium 
ithout serum and resedimented. After the third centrifugation, 
~ .~ - . i~ 
14 
the cells were resuspended in 0.5 - 1.0 ml. of Hank's Bal­
anced Salt Solution with calcium and magnesium at 4
°
0 for 19 
minutes •. 
Ultraviolet light inactivated Sendai virus was delivered 
to the cell mixture at a titre of 10,000 hemagglutinating 
units (HAU) by taking 0.5 ml. of a 1.0 ml. stock _of 20,000 HAU/ml. 
This stock, previously prepared by Steven Tucci and Arthur Zona, 
was derived from a Sendai virus suspension obtained from fresh 
. 
chiq�en eggs inoculated with seed virus. A 1/2000 dilution of 
this �uspension proved to be the hemagglutinating barrier when 
titrated with a solution of chicken red blood cells and was later 
concentrated to 20,000 HAU. 
The cell-virus mixture was held at 4
°
0 for 10 additional 
minutes and further incubated at 37
°
c in .. 10 ml. of Hank's Salt 
for 20 minutes. The suspension was agitated gently during �his 
-period to prevent excess clumping, and centrifuged at 400 x g. far
4 minutes. Further preparation for chromosome spreading was
performed as previously described. Control fusions were 9arried­
out bet�een mitotic and interphase cells not treated with hydroxy-
urea.
Numbers of nuclei in specific cell cycle phases were scored 
-according to premature chromosome condensation patterns. Counts ·of
100 premature chromosome condensation specimens were made at 400x
�agnification to help insure correct identification. Multinucle­
ate interphase cells, possible metaphase-metaphase fusions, and
premature chromosome condensation patterns which could not be cat-
egorized with certainty were excluded from counting.·
15 
AUTORADIOGR.A:PttIC ASSAY 
Experimental and control Leighton tube cultures in logar­
ithmic growth phase were prepared for autoradiographic analysis. 
Cultures were incubated for 13 hours in complete medium contain­
ing 1.5 mM hydroxyurea followed by 3 wash treatments with Dul­
becco's PHS, followed by further incubation in sterile condi­
tioned medium for a period of 1.5 to 2.0 hours. This medium was 
then supplemented with 0.1 ml. of complete medium containing 
3H-thymidine to provide a pulse of 0.5 uCi./ml.·
Coverslips with growing cell sheets were removed from 
·Leighton tubes with a sterile probe and forceps and placed in
2.0 ml. beakers for washing wi.th Dulbecco' s PBS followed by treat­
me�t with Carney's fixative as specified by Comings (1971). The 
coverslips were mounted cell-side-up 1 inch from the edges of 
precleaned microscope slides using Permount mounting mediu�. 
The mounted slides were dipped for 3 sec�nds in Kodak NTB-2 
liquid emulsion in a photographic darkroom under Kodak Wratten 
#1 safelight filter conditions, placed in a testtube rack, 
nd·allowed to dry in the darkroom for 1.5 to 2.0 hours according 
o the method developed by Kopriwa and LeBlond, 1962. The slides
ere placed in standing position within the rack inside a _firmly.
ealed lig�tproof box and stored at 4
°
c for 10 days.
-
At the end of -the developing period, autoradiographs were pro-
essed in the darkroom under Kodak Wratten #1 safelight at 15�0 by 
ipping the slides in Kodak 1:1 Dektol developer followed by 2 
rinses in distilled water, a 5-minute treatment with Kodak 
Fix, and a final rinse of 2 distilled water changes for a 
minutes. Slides were allowed to dry for 2 days and 
Series 
5 
16 
stained for 10 minutes in a 3%·Gurr Giemsa solution at pli 6.8. 
'4. 7 
1RESULTS 
l 
.. MUNTJAC KARYOTYPE 
: Studies of metaphase chromosome spreads showed the normal 
'. · karyotype of the male Indian muntjac ( ! =7) as well as various 
heteroploid patterns (Figures 5 and o). Increased heteroploidy 
coincided with higher subpassage levels. �he true diploid karyo­
type was more common in the lower subpassages. 
PRELIMINARY EXPERIMENTS 
, _The muntjac cells used in these studies were found to be highly 
sensitive to colcemide. Toxic micronucleation and/or spongy-appear­
ing cytoplasm were.observed after cell populations were treated 
with colcemide at concentr?tions ranging from 0.03 ug./ml. -
0.5 ug./ml. Colcemide, 0.01 ug./ml., produced the desired metaphase­
arrest without cellular aberrations and was applied routinely to 
.obtain mitotic· populations. 
Indications 0£ the extent to which cell population synchrony 
was achieved varied according to the �ynchronizing agent used and 
the cell cycle stage at which the assays were•made. 
Irittial probe experiments compared the degree of synchrony 
reached by releasing colcemide-arrested metaphase cells with meta­
phase lev_els reached after hydroxyurea block release. A higher de­
gree of synchrony was attained by the hydroxyurea block method 
than by releasing the colcemide block (Fig. l). This result helped 
to.establish the G1!S threshold block as the method of choice for
further experiments with this system. 
Differences in levels of mitosis after hydroxyurea block re­
lease seemed to depend upon the concentration of hydroxyurea 
(Fig. 1). Increases in the degree of synchrony corresponded direct­
ly with increases in hydroxyurea concentration up to 2.5 mM. This 
contrasts with control observations which remained relatively con­
stant. Alkylating effects such a� �aveiing and shredding of 
chromosomes were noted in metaphase chromosomes following treat­
ments with higher concentrations of hydroxyurea {Fig. 7). This ef-
�1s 
feet �as not observed in chromosomes analyzed after incubatio� 
with 1.5 mM,hydroxy\U'ea. 
On the basis of higher synchronization levels attained �lly­
droxyurea over colcemide at a concentration not found to pr��e 
chromosome damage, block-release with 1.5 mM hydroxyurea was.:es­
tablished as an appro�riate means of synchronizing this system. 
SYNCHRONIZA�!ON AT'S-PHASE 
As shown in Table 1 and in Figs. 2 and 3, premature chromo-
some condensation was more prevalent in f'usions·between metaphase 
�d hydroxyurea-treated interphase cells than in control fusions 
with random interphase populations. The 27% increase in S-phase 
nuclei from 51% (control) to 78% (synchronized) corresponds with 
a 27% �ecrease in G1�G2 nuclei. seen between control and hydroxy­
urea treatment results. Fig. 3 represents distributions of cell 
cycle phases within interphase, comparing data obtained from syn­
chrmious and non-synchronous fusions. In S-phase synchrony (Fig. 3B), 
a greater portion of the cell population is confined to the single 
S-phase segment of the cycle at the expense of o1 and G2 phases.
By contrast, a wider distribution of cells is observed among the
three interphase segments in the control (asynchronous) assay.
A similar. effe,ct i� shown by autoradiographic analysis. Re­
sults for �ydroxyurea treatment shown in Table 2 indicate a 37% 
increase in labeled nuclei with a commensurate decrease in non­
-lapeled nuclei. Fig.4 compares the degree of synchronous.and asyn­
chronous S-phase obsreved by both fusion and autoradiographic anal­
ysis�-Autoradiographic assay provided a 7% higher detection level 
for S-phase after hydroxyurea treatment (85%) over the level of syn­
chrony observed by the fusion assay method (78%). 
Virally-mediated cell fusion produced ·various ceil and chromoso­
mal specimens similar to those shown in previous studies. Cells con­
taining·several distinct nuclei were seen.as� result of interphase­
interphase fusions (Fig. 8). Premature chromosome condensation 
figures as shown by··.Rao and Johnson were noted from fusions of 
jlditotic cells with each phase ·of interphase. Metapha�e-01 fusions
{showed long, single-stranded chromatids (Fig. 9) in contrast to 
fMetaphase-G2 fusions in which thin, elongated metaphase-type
fchromosomes were seen (Fig. 10). 
Typical "pulverized" appearing specimens resulted from meta­
t,phase-S-phase fusions (Fig. 10). Variations of the S-phase pat-
i ' 
(,tern were seen in synchronized fusions. In addition to the simple c·
I • , 
:S-phas� premature chromosome condensation , instances of S-phase 
! -
;premature chromosome condensation with small, single chromatid 
'strands were noted (Fig. 14) as well as what appeared to be long 
chromatids with isolated areas of replication occurring within. 
-
' ig 
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FIGURE 1 AVERAGE NUMBERS OF MITOTIC MUNTJ'AC CELLS OBSERVED 
.AFrER RELEASE OF CELL CYCLE BLOCKS IMPOSED BY 
INCUBATION WITH HYDROXYUREA OR COLCEM:tDE. 
CUlture flasks (.25 cm�) were seeded with 10 ml. cell suspen­
sions concentrated at 1x105 cells/ml. Counts of mitotic cells were 
taken during.the logarithmic growth phase under the following 
conditions 1
(A} For 1� hours after releasing 13-hour �ydroxyurea blocks 
using 1 • .5 mM (._! . ..  ) , 2.0 mM �, and 2 • .5 mM �-*1 concen­
trations. Hydroxyurea was applied 24 hours after seeding. 
(B) For 7 hours after releasing a 4-hour colcemide block
using 0.01 ugm./ml. colcemide. Colcemide was applied 24 hours 
afterJcthe initial seeding. 
(C) A random population of cells observed over a 10-hour
pe�iod 24 hours after seeding served as a control(---). 
Each gra�h point represents.the mean for 50 counts taken within 
observation period. Range values are listed in the APPENDIX • 
21 
HYDROXYUREA-TREATED 
COLCEMIDE-TREATED 
1 2 J 4 5 6 7 8 9 10 11 12 lJ 14 15 16 17 18 19 20 21 22 2J 24 
HOURS AF'l1EH BLOCK RELEASE 
.. 
ITABLE 1 
SCORING OF CELL CYCLE PHASES BY PREMATURE CiffiOMOSOME 
CONDENSATION ASSAY AS SEEN IN CONTROLS WITH RANDOM POPULATIONS. 
VS. FUSIONS A�TER RELEASE OF 1.5 mM HYDROXYUREA BLOCK. 
% AFTER 
PHASE � CONTROL BLOCK - RELEASE NET CHANGE 
Gl 23% 12% 
-11%
S. 51% 78% +27%
G2 26% 10% -16%
--
, 
\'22 
z 0 
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G . 1 s 
CELL CYCLE PHASE 
26% 
FIGURE 2 RELATIVE NUMBERS OF MUNTJAC CELLS AT VARIOUS 
-- STAGES OF THE CELL CYCLE AS INDICATED BY 
PREMATURE CHROMOSOME CONDENSATION. (Based on 
100 specimen counts). 
Premature chromosome condensation observed c::J after fusion of mitotic cells with random 
cell population (control). 
Premature chromosome �ondensation observed �;after fusion of mitotic cells with inter� 
· phase cell population 1.5-2.0 hours after 
releasing 1.5 mM hydroxyurea block. 
, 
� 
( 
3A 
s 
78% 
F~GURE 2 DISTRIBUTION OF MUNTJAC CELLS AMONG lNTERPHASE 
SEGMENTS OF THE CELL CYCLE. 
--
Charts compare premature condensation results following 
fusions of metaphase cells with interphase cells from a 
random population (Fig. 3A) with results of fusions between 
metaphase cells with interphase cells from a hydroxyurea-
treated population (Fig. 3B). 
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TABLE 2 
COUN'fS OF LABELED NUCLEI AFTER PULSING WITH O. 5 4Ci .• 
H-THYMIDINE IN CONTROLS VS. HYDROXYUREA-TREATED CULTURES. 
HY.DR OXYUREA-
CONTROLS TREATED NET CHANGE 
NON-LABELED 52% 15% -37%'NUCLEI 
LABELED NUCLEI 48%' 85% +J7%
.. 
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FIGURE 5 
Karyotype of the normal male Indian muntjac consisting of 7 
chromosomes. The paired chromosomes are chromosome #1, a large 
metacentric, and chromosome #2, an acrocentric. The sex chromo­
some complement consists of J chromosomes: the X chromosome, a 
metacentric with an unusually long ceritromere, chromosome Y2, an
acrocentric with a long, tail-like centromere, and chromosome Y1,
a dot-like minute metacentric chromosome. 
Magnification: 3600 x. 
FIGURE 6 
Karyotype of heteroploid male Indian muntjac cell, consist­
ing of 15 chromosomes, 4 chromosome #1 metacentrics, 3 acrocen­
tric chromosomes, 4 X chromosomes, and 4 Y1 chromosomes. Note
additional smaller-sized homologues of the X chromosome. 
agnification s 6600 x. 
· Metaphase chromosomes of the male Indian muntjac having a--
shredded appearance due to uncoiling of chromatin fibers, a ty- 
pical alkylating effect seen after treating cells with 2.0 ml and 
2.5 ml hydroxyurea. 
1agnification: 4000 x. 
2 X 
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FIGURE 8 
Binucleate Indian muntjac skin fibroblast consisting of 
2 interphase nuclei as a re$ult of fusion by attenuated Sendai 
virus. 
Magnification: 2320 x. 

Jl 
FIGURE_2 
Jiusion of Indian muntjac metaphase cell (A) with G1 (B) 
interphase cell. Single chromatids of the a1 nucleus are 
observed as long, thin, single-stranded threads of prematurely 
condensed chromatin. 
Magnification: 4000 x, 
FIGURE 10 
Fusion between metaphase (A) and S-phase (B) Indian muntjac 
cells, Replicating chromosomes of the S nucleus are seen as 
granule-like·particles in the premature~y condensed state. 
Magnification: 4800 x, 
FTGURE 11 
Fusion between metaphase (A) and G2 interphase Indian muntjac 
:ells. The prematurely condensed o2 chromatin appears in tha form 
>f long,_ slender bivalent chromosomes. 
iagni"fication: 4000 x. 
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FIGURE 12 
JJ 
Premature condensation of chromatin within muntjac nucleus 
following fusion shortly after hydroxyurea block release. A mix­
ture of G1>pr�maturely condensed ch�omatids (A) with substance
appearing to be s-�hase premature chr.omosome condensation .(B) 
suggests a possible G1-s transition.
Magnifications 2800 x. 
FIGURE 13 
Enlargement of Fig. lo showing area of pulverized-appearing 
substance (A) occurring within G1 chromatid (B).
Magnification: 5600 x. 
FIGURE.14 
Fusion of muntjac metaphase cell (A) with S-phase interphase. 
Several short, nonreplicating monovalent strands of chromatin can 
he seen scattered within the areas of prematurely condensed s­
phase chroma tin ( C) • 
Magnifications JOOO x. 
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£'IGURE 15 
Autoradiograph showing Indian muntjac cell nuclei in 
S-phase after pulsing with 0.15 uCi./ml. JH-thymidine. 
Magnification, 2600 x. 
_ .... 
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DISCUSSION 
MITOTIC ASSAY EAPERI.MENTS 
Mitotic assay experiments comparing syncnronization by 
colcemide block-release with synchronization induced by 
blocking the cell cycle with 1.5 mM, 2.0 mM, and 2.5 mM 
hydroxyurea suggested hydroxyurea to be a more efficient 
agent. Cells in populations treated with colcemide reached 
a low, broad mitoti� peak in contrast to populations treated 
with hydroxyurea which characteristically showed narrower, 
higher rising peaks.(Fig. 1). The relatively high numbers 
of mitotic cells on both sides of the colcemide peak in addi­
tion. to the low height of the peak indicate that only a low 
degree of synchrony was achieved using .the colcemide block­
release method. The opposite is true for populations incu­
bated with hydroxyurea in which higher numbers of cells seem 
to reach mitosis simultaneously. Differences in cell number and 
attrition of synchrony could in part account for the differen­
ces in synchrony observed by using the two methods. 
(1) Cell Number: While comparable numbers of cells were
used to seed hydroxyurea and colcemide-treated populations, 
repeated centrifugation and resuspension of metaphase-arres-· 
-ied cells results in the loss of large numbers of cells.
Terasima and Talmach (1963) have previously reported low
efficiency of cell collection by this method.
The muntjac cells,used in this study have been found to 
be extremely sensitive to colcemide even at low doses. It 
was, therefore, not possible to attain higher nwnbers. of 
rnetaphases by applying higher doses of colcemide to the cells. 
J8 
r or by increasing the length of incubation time with the 
agent. 
(2) Attrition of Synchronx: Metabolic differences _among
cells have been cited by StQbblefield (1968) as a factor
which can affect the loss of synchrony within a relative­
ly homogeneous cell poyulation. The differences in rates
·of passage of cells through the cycle result in greater
disparities among cells with time. This attrition factor
could account for a loss of synchrony among cells.::;releas­
ed from the colcemide block since they span a longer per­
iod of passage through the cell cycle (a complete cycle
between two s·uccessi ve mitoses) than the cells which
cross only a- partial cycle, S-G
2
-M, to reach the point of
assay. Cases of extreme variability would be expected among
·cells of the muntjac populations used in this study. This
is suggested by occurrances of heteroploidy and of size
differences among homologous chromosomes (Fig. 7).
The attrition principle would apply analogously for an 
assay at S-phase. Cells released from colcemide arrest 
woul� cross G
1 
to reach S-phase, whereas·cells previously
blocked by hydroxyurea would immediately enter S-phase. 
Within.fuis short time -span, rate differences among these 
-�ells wquld show a negligable effect.
EFP.h:CTS OF HYDROX!UREA CONCENTRATION 
iiydroxyurea block experiments show differential levels of 
synchronization depending upon the concentration used. Increas­
ing concentrations of hydroxyurea .tended to produce taller, nar-
rower peaks indicating synchronous rises in the numbers of 
.'.39 
rtnitotic cells (Fig. 1). Although 1. 5 mM hydroxyurea was found 
to be the least effective concentration for prodecing syn­
chronous cell populations, unraveled chromosomes showing the 
alkylating effect of hydroxyurea (Fig.7) were not seen as they 
were after incubation with 2.0 mM and 2.5 rnM concentrations. 
Applying this criterion, synchronization with 1.5.-·mM hydroxy­
urea was judged to be the method of choice for producing syn­
chronized cells with normal-looking chromosomes. 
S-PHASE SYNCHRONIZATION EXPERIMENTS
FUSION ASSAYS 
Numerical comparisons of cells showing premature chromo­
some condensation obtained after fusions of M-phase cells 
with non-hydroxyurea-treated cell populations show a sizable 
percentage increase in the number of S-phase nuclei following 
hydroxyurea treatment. The 27% increase in S-phase from 51% 
(control) to 78% {hydroxyurea-treated) reflects. corresponding 
reductions in G
1 
and G 
2 
("11% and 16% respectively). fhe greate.r 
proportion of G2 nuclei over G1 
nuclei after hydroxyurea treat­
ment may represent a longer lag period in this portion of the 
· population held at the G
1
/s border than in those cells found to 
be in S after releasing the block. Cells found to advance throuoh
s..:.phase during incubation with hydroxyurea have been referred to--
as "runaway S-phase cells" (.tiamlin and :Pardee, 1975). "Runaway 
S-phase" could re.sul t from the use o:f hydroxyurea a·t a concentra­
� tion less than optimal for obtaining complete synchrony. 
40 
AUTORADIOGRA:PHIC ASSAYS 
Autoradiographic analysis of muntjac cell cultures labeled 
wi:th 3ii-thymidine also indicated tha't synchrony in S-phase was
attained. Cultu�es assayed about 2 hours after rele�sing the 
hydroxyurea block showed 37% more nuclei without label than 
untreated control cultures ( Table 2·, Fig. 4). The reported 85% 
., "' .. .  ·1 
lef�l of synchrony compares low against 95fo-lOO% total syn-
chrony found when other cell lines were similarly treated with 
hydroxyurea and assayed by·autoradiography (Sinclair, 1965, 1966; 
Pfeiffer and Tolmach, 1967; Yu and Sinclair, 1968; Hamlin and 
Pardee, 1975). In this respect,-it is important to consider the 
following points: 
(1) :In experiments where 100% synchrony was reported with
Chinese hamster lung cells (Sinclair, 1965), random control
populations were shown already to consist of 85% S-phase
cells. Only 15% synchronization is demonstrated by this re­
sult compared to 38% shown with the muntjac cell line.
(2) Workers have demonstrated increased synchronization in
proportion with concentrations of hydroxyurea used, noting
effects sucn as chromosomal breakage and despirilization re­
sulting from excessive concentrations of hydroxyurea on the
syfltem used. (Sinclair, 196,5, 1998). Autoradiographic and
'liquid scintillation studies by .Hamlin fLild Pardee (1975)
show a 70% increase in synchrony of Chinese Hamster ovary
cells.after treat:nent with 1.0 mM hydroxyurea. While this
) concentration was demonstrated to be without detrimental 
effect to transcription and to protein synthesis, metaphase 
chromosomes were not analyzed for £trQctural damage. The 
' 
value of a high level of synchrony would seem subject to 
challenge unless a simultaneous chromosomal evaluation reveals 
lack of damage. 
PREMATURE CHROMOSOME CONDENSATION 
Chromosome specimens found within metaphase-intenphase mul­
tinucleated cells were in all stages of the cell cycle. Presyn­
thesis chromosomes were seen as singie chromatids (fig. 9) and 
photosynthesis chromosomes showed a long, thin metaphase-like mor­
phology (Fig. 11). These resemble G1 and G2 premature chromosome
condensation as shown by Rao and Johnson, 1970 and 1972 in their 
work with other cell lines. Prem�ture chromosome condensation in 
S-phase was usually seen as r�sembling pulverized chromatin (Fig.
10). This morphology would concur with Rao and Johnson's theory
that active DNA replicons do not stain during S-phase as do in­
active nonreplicating segments.
In addition to the expected forms of premature chromosome 
condensation, variations of the S-phase pattern were noted in 
fusions between metaphases and hydroxyurea-treated interphases. 
One variation was seen as a mixture of S
"!
pha:se and G1 prema­
ture chromosome condensation, often including isolated regions 
of pulverization within the chromatid strands (Figs. 12 and lJ), ·. 
This particular pattern has not been shown in previous works. 
It would appear to represent initial replicon activity of 
chromosomes beginning to cross the cycle threshold between G1
and S-phase. The nature of these specimens could be more com­
pletely assessed by applying a pulse of ?H-thymidine to inter­
phase cultures between the time of hydroxyurea block-release 
and fusion of metaphase cells. Autoradiographic labeling of 
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areas appearing to be prematurely condensed 3-phase would 
more clearly establish the existence of replicon activity 
at these sites. 
Other· areas of prematurely condensed S-phase include 
short, G
1
-like chromatid ·figures dispersed within areas of
replicating �hromatino(Fig. 
0
14). These areas could represent 
the· long, neck-like region of the muntjaQ X chromosome centro­
mere (Fig. 5) found by Comings _(1971) to be a continuous area 
.c:l late-replicating heterochromatin. A similar pattern bf pre­
mature chromosome condensation has been described by Rao and 
Sperling (1974) in S-pha�e of.'the European field vole Microtis 
?grestis. Prematurely condensed chromatin of female Microtis 
cells in early S-phase were shown to include the entire karyo­
type of the cell line with the exception of the two heterochro­
matic S chromosomes. These late-replicating chromo·somes appeared 
as two long G
1 
type chromatids.
The more uncommon premature chromosome condensation figures 
seen in fused muntjac cells early after the release of the hy­
droxyurea block may indicate an early period of S-phase just 
beyond the G1/s border which would correspond with the progres­
sion of the chromosome cycle at this stage. Areas of active rep­
licons dispersed among larger, co�tinuous segments of inactive 
chro_!Ilatin within specific chromosomes would depict chromosomal 
asynchrony by suggesting a specific and sequential nature of 
chromosomal r�plication. 
4J 
SUhl1JARY AND CO!'l CIDSIONS 
The results of this study reveal important aspects of 
cell population.synchrony with respect to selecting a feas­
ible synchronization method as well as the us€fulness of syn­
chronized populations in studying nuclear processes. 1t may be 
concluded that---
(1) Methods of synchronization are best developed with re­
spect to the cell cycle phase required .for study. As indi­
cated by initial probe experiments, it is least advantage­
ous to block the cell cycle far in advance of the required
phase. This may be due at least partially to differences
among individual cells as reflected by differences in cell
cycle timing. Because synchrony tends to decay with time,
methods of synchronization requiring relatively short re­
lease periods are more suitable.
The chosen method of blocking muntjac cell populations 
at the G
1
/s border by applying hydroxyurea proved to be a
favorable method for attaining increases in the level of 
synchrony at S-phase. 
(2) Cell cycle inhibitors compose a category of metabolic
toxins. As such, prolonged incubation or excessive concen-
trations of these agents may adversely affect cells or sub-
-;ellular components. These deleterious effects should be
considered when applying blocks. Toxic effects of colcemide
in excess of 0.01 ug./ml. or incubations for more than 4
hours were observed in the muntjac system.
Shredding and despiralization of r.:iuntjac chromosomes 
were seen after 1,-hour incubation periods with 2.0 mM and 
44 
2.5 mM concentrations of hydroxyurea. Because preserva­
tion of native chromosome structure and integrity is an 
important consideration, the value of a higher degree of 
synchrony than is achieved by 1.5 mM hydroxyure� is 
dubious. 
(3) The cells of synchronized populations are concentrat-
·ed within a specific stage of the. cell cycle, allowing
that stage to be studied in greater detail. It is expect­
ed.that synchrony within a given phase may·not be perfect
but may result in a narrow distribution of cells clustered
within given subphases. V'ariations in S-phase premature
chromosome condensation patterns as seen in this study of
synchronized muntjac cell populations would seem to show
the existence of subphases of early S-phase near the G
1
/s
border.
The aspect of finely graded synchrony coupled with 
small numbers of large chromosomes in the prematurely con­
�ensed state seems to make the muntjac system ideal for 
studying the morphological changes of mammalian chromo­
somes during the cell cycle. Extensio�s of this work 
might include ultrastructural analysis of whole-mounted 
specimens for the purpose of locating and quantifying in-
� -dividual D�A replication forks during S-phase. In addition, 
alteration o! replication patterns in response to hormones 
and other agents which exert significant effects at this 
stage may be studied in this way. This is to ascertain 
whether a change in the duration of S-phase is due to 
varying numbers of replication sites, or whether changed 
, 
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replication rates at fixed numbers of replicons are in­
volved. The availability of a model system whereby rep­
licons can be quantified would allow these basic analy­
ses to be performed. 
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- ' APPENDIX
RANGES OF OBSERVED :MEAN VALUES OF 
MITOTIC CELL COUNTS IN PRELIMINARY 
SYNCHRONIZATION STUDIES USING 
HYDROHYUREA AND COLCEl'lIDE, 
, 
51. 
CONTROL 
P.ANGE 
HOURS MEAN MINIMUM MAXn.m� 
.o 7-56 1 14 
0.5 7.44· 3 12 
1.0 6.76 4. 13 
1.5 6.52 4 14 
2.0 9.36 4 21 
2.5 9.54 3 15 
3.0 10.12 1 2? 
3.5 7.64 1 ·21
4.o 8.68 5 20
4.5 9.22 3 20
5.0 2.36 4 22
5.5 8."36 1 14
6.o 10.98 2 25
. (,.5 9.96 2 19
. 7.0 10.36 2 31
7.5 9.82 l� 24
a.o 8.10 J 16
� • .5 '7.82 J 21
9.0 '7 .62 2 16
.9.5 8.26 3 24
10.0 8.46 1 18. 
52 
HYDROXYUREA, 1 . .5 mrr:. 
RANGE 
HOURS MEAN MINI!\'iUM MAXIMUM 
0 1.86 ·() 5 
0.5 6.94 :3 12 
1.0 9.75 0 18 
1.5 a.-a7 1 17 
2.0 7.81 1 21 
2.5 8,.34 2 19 
3.0 a.oj 2 10 
3.5 10.74_ 3 22 
4.o 12.87 7 15 
4.5 12.86 7 20 
5.0 20.12 11 22 
5.5 24.8J 13 31 
. 6 .o 28.66 19 4o 
(5 .s 31.25 18 32 
7.0. 30.46 22 37 
? 0 5 23.52 11 29 
a.o lJ.61 9 21 
8.5 12.75 9. 20 
9.0 11.-22 6 18 
9-,,.5 10.71 ? 15 
10.0 10.27 6 15 
HYD1WXYUREA, 2.0 rnM. 
RANGE 
HOURS � MINIMUM MAXIMUM 
0 0.72 0 4 
0 • .5 3.36 0 7 
1.0 2,�72 0 8 
1.5 · 0.81 0 3 
2.0 4.93 1 11 
2.5 2.61 0 6 
3.0 2,JJ 0 7 
3.5 0.94 .0 2 
4.o 0.76 0 5 
4.5 4.82 0 10 
.5. 0 9.13 1 18 
5.5 8 • .54 2 1S 
6,0 7.57 1 16 
6.5 14.72 8 26 
7.0 13.55 8 27. 
7.5 3.5 .61 21 47 
a.o 34.8.3 20 42 
8.5 JJ.21 28 47 
9.0 29.75 21 36 
9.5 30.50 26 46 
10.0 30.82 18 42 
HYDROXYUREA, .2· • .5 mM,
HOURS MEAN MINIMUM MAXIMUM 
0 2.46 0 7: 
0 .• .5 0.67 0 5 
·l.O 2 • .38 0 6 
1 . .5 0.9� 0 4 
2.0 2.11 0 6 
2 • .5 4.20 0 ? 
'.3 .o 4.?J l ? 
3 • .5 ·4,.52 1 8 
4.o 4.28 1 ? 
4.5 9�04 .5 16 
5.0 7.2.3 2 13 
5.5 8.oo 1 14 
·· .6.o 9.21 \ 'l - 1.5 
�.5 22 • .39 15 2? 
7.0 26.86 19 .37 
7.5 34.14 28 41 
a.o 33,73 27 38 
8 • .5 34.78 28 41 
9.0 34.29 29 42 
9.5 33.19 27 38 
10.0 32 I ?J 21 38 
55 
COLCEriIDE t 0.0.1 ug./Jnl. 
HOURS rtiEAN :MINIMUM MAXIMUM 
13.0 0.74 0 J 
13.5 1.82 o. 5 
14.o 0.76 0 3 
14,S 3.60 0 Jll 
15.0 ·3.80 0 8 
15.5 3.74 1 8 
16,0 3.71 0 ? 
16.5 1.30 0 5 
17.0 .0.70 0 s 
17.5 o.88 0 5 
18,0 0.62 0 4 
18,5 0,56 0 3 
19.0 0.60 0 2. 
-19.5 0.62 0 3 
20.0 0.60 0 3 
